McMillan EM, Graham DA, Rush JWE, Quadrilatero J. Decreased DNA fragmentation and apoptotic signaling in soleus muscle of hypertensive rats following 6 weeks of treadmill training. J Appl Physiol 113: 1048 -1057 , 2012 . First published July 31, 2012 doi:10.1152/japplphysiol.00290.2012.-Cardiovascular diseases such as hypertension are associated with a generalized skeletal myopathy including a proapoptotic phenotype. Current evidence suggests that exercise may alter apoptosis-related signaling in skeletal muscle; however, the effect of exercise on skeletal muscle DNA fragmentation and apoptotic signaling is unclear in hypertensive animals. Male normotensive Wistar Kyoto (WKY; n ϭ 24) and spontaneously hypertensive rats (SHR; n ϭ 24) were assigned to a sedentary (SED) condition or exercise (EX) consisting of progressive treadmill running 5 days/wk for 6 wks. Consistent with our previous work we found that soleus muscle of hypertensive animals had significantly higher DNA fragmentation (a hallmark of apoptosis), elevated proapoptotic factors (Bax, caspase-3 activity), and lower antiapoptotic proteins (apoptosis repressor with caspase recruitment domain, Bcl-2, X-linked inhibitor of apoptosis protein) compared with normotensive rats. In addition, soleus muscle of hypertensive animals displayed myosin accumulation and fragmentation, had elevated cytosolic cytochrome c, second mitochondrial-derived activator of caspase (Smac), apoptosis inducing factor (AIF), and endonuclease G protein levels, higher nuclear AIF content, and greater muscle reactive oxygen species generation compared with normotensive animals. Interestingly, exercise training significantly lowered DNA fragmentation and myosin accumulation/fragmentation in soleus muscle of hypertensive rats. Furthermore, exercise training significantly reduced cytosolic levels of cytochrome c as well as cytosolic and nuclear AIF in soleus muscle of hypertensive animals. This beneficial response is likely due to exercise-mediated elevations in Bcl-2, heat shock protein 70, and manganese superoxide dismutase protein content, as well as reductions in Bax protein levels and the Bax-to-Bcl-2 ratio. These results suggest that regular exercise training provides protection against skeletal muscle apoptosis by altering a number of apoptosis regulatory proteins and by influencing mitochondrial-mediated apoptotic signaling mechanisms.
cell death; physical activity; skeletal muscle; blood pressure; caspaseindependent CARDIOVASCULAR DISEASES are associated with a generalized skeletal myopathy (3, 11, 69) . For example, hypertension is associated with significant alterations to skeletal muscle including fiber-type transitions (11) , impaired fatigue resistance (7, 14) , generation of less contractile force (14, 27) , and reduced fiber cross-sectional area (7) . In addition, alterations in apoptotic protein expression, increased proteolytic enzyme activity, and elevated DNA fragmentation (a hallmark of apoptosis) have been reported in the muscle of spontaneously hypertensive rats (SHR) (55, 56) .
Skeletal muscle apoptosis and apoptotic signaling occur in multiple disease states (53) . Although the causes of skeletal muscle apoptosis are multifactorial, the process of apoptosis involves a series of conserved signaling cascades (37, 50) . The main signaling pathways are characterized by death receptor- (39) and mitochondrial-mediated (28, 38) events, which are tightly controlled by a series of regulatory proteins (10, 19, 49, 73) . A common consequence of these signaling events is the activation of cysteine proteases (caspases). Specifically, this can occur following the ligation of proapoptotic cytokines such as TNF-␣ and Fas ligand to their respective death receptors, which can facilitate caspase-8 activation (39) . Similarly, the release of proapoptotic proteins such as second mitochondrialderived activator of caspase (Smac) and cytochrome c following mitochondrial outer membrane permeabilization (MOMP) (21, 71) can result in caspase activation (i.e., caspase-9) (28) . Ultimately, activation of these upstream proteolytic enzymes (caspase-8, -9) can activate caspase-3, which can cleave a number of cellular substrates as well as promote DNA fragmentation (12, 50) . However, caspase-independent mechanisms are also important during apoptotic signaling. For example, MOMP can lead to the release of apoptosis inducing factor (AIF) and endonuclease G (EndoG), which can translocate to the nucleus to cause DNA fragmentation independent of caspase activation (40, 64) . The important role of caspaseindependent mechanisms in muscle apoptosis and wasting has been demonstrated in a number of previous studies (18, 45, 46, 59) .
Exercise has been shown to influence numerous cellular signaling pathways, including apoptosis (53) . For example, serum levels of proapoptotic cytokines TNF-␣ and Fas ligand are attenuated following exercise training in patients with chronic heart failure (2). Accordingly, exercise training has been demonstrated to decrease cleaved caspase-8 and caspase-3 protein levels in aged rats (44) . Siu et al. (60) demonstrated that exercise training can increase protein content of Bcl-2 and heat shock protein 70 (Hsp70), while reducing the expression of Apaf-1 protein in skeletal muscle of healthy rats (60) . In aged animals, chronic exercise training can significantly reduce DNA fragmentation, cleaved caspase-3 protein content, Bax protein levels, and the Bax-to-Bcl-2 ratio (62) . Collectively, these data support the notion that regular exercise may be beneficial to skeletal muscle by decreasing DNA fragmentation and promoting an antiapoptotic environment. However, there is limited data examining these responses in skeletal muscle in a disease model. In particular, the effects of regular exercise training on DNA fragmentation and apoptotic signaling in skeletal muscle during hypertension are unknown. Moreover, little is known regarding the role of caspase-independent mechanisms on skeletal muscle apoptosis following exercise training. Therefore, the purpose of this study was to investigate the effects of exercise training on DNA fragmentation and several potential mechanisms for protection in skeletal muscle of normotensive and hypertensive rats. It was hypothesized that exercise training would decrease skeletal muscle DNA fragmentation in hypertensive animals by upregulating several antiapoptotic factors and through reduced mitochondrial-associated apoptotic signaling.
MATERIALS AND METHODS

Animals.
Male SHR (n ϭ 24) and Wistar Kyoto (WKY) rats (n ϭ 24) were obtained from Harlan (Indianapolis, IN) and group housed on a 12:12-h reverse light-dark cycle at a constant temperature (20 -21°C) and humidity (50%). Animals were allowed free access to standard rodent lab chow (Harlan) and tap water. All animal related procedures were approved by the University of Waterloo, Canada Animal Care Committee.
Exercise protocol. Rats (11 wks of age) were accustomed to a motorized treadmill (Wood's, Chambersburg, PA) with a single 10-min bout of treadmill running at a speed of 5-10 m/min at a 0% grade. Rats were then randomly assigned to a sedentary (SED; n ϭ 24) or aerobic exercise training (EX; n ϭ 24) group. This resulted in four treatment groups: WKYSED (n ϭ 12), SHRSED (n ϭ 12), WKYEX (n ϭ 12), and SHREX (n ϭ 12). The exercise groups underwent a progressive aerobic exercise training protocol on a motorized treadmill (5 days/wk, 6 wk) to reach a final training intensity and volume (21 m/min, 4.5% grade, 45 min/day) by the end of week 3. The work rate associated with the final running intensity has been estimated at 60 -70% of maximal oxygen uptake (9) . SED animals were restricted to cage-bound activity for the duration of the training protocol. To reduce any confounding effects from the running protocol, SED animals were exposed to treadmill noise and vibration for the same number of occasions and duration as EX animals.
Blood pressure measurement. Blood pressure data was collected previously from these animals and reported in a study focusing on endothelial vasomotor function (26) . These previous data indicate significantly elevated blood pressure, body mass normalized left ventricle mass, and whole heart weights in SHR compared with WKY rats. Exercise training did not alter blood pressure in either strain (26) .
Preparation of whole muscle lysates and muscle subcellular fractions. For the preparation of skeletal muscle lysates, soleus was homogenized in ice-cold lysis buffer (20 mM HEPES, 10 mM NaCl, 1.5 mM MgCl, 1 mM DTT, 20% glycerol and 0.1% Triton X-100; pH 7.4) containing protease inhibitors (Complete Cocktail; Roche Diagnostics) with a glass mortar and pestle. Muscle homogenates were centrifuged for 10 min at 1,000 g at 4°C, the supernatant collected, and protein concentration determined by the BCA protein assay. Subcellular fractions were prepared as previously described in detail (18, 47) . Briefly, soleus muscle was minced and gently homogenized on ice in subcellular fractionation buffer (in mM: 250 sucrose, 20 HEPES, 10 KCl, 1 EDTA, 1 EGTA, 1 DTT; pH 7.4) containing a protease inhibitor cocktail (Roche Diagnostics). This procedure resulted in isolation of mitochondrial-, nuclear-, and cytosolic-enriched fractions. The protein concentration of each fraction was determined by the BCA protein assay.
Immunoblot analyses. Immunoblot analysis of apoptosis-related proteins was conducted as previously described (18, 47) . Equal amounts of protein were loaded on 12% or 15% SDS-PAGE gels. Protein was transferred to polyvinylidene difluoride membranes (BioRad Laboratories, Hercules, CA) and blocked overnight at 4°C or for 1 h at room temperature in 5% milk-Tris-buffered saline with Tween 20 (TBST). The membranes were then incubated in primary antibodies against adenine nucleotide translocase (ANT), cytochrome c, AIF, apoptosis repressor with caspase recruitment domain (ARC), Bax, Bcl-2 (Santa Cruz Biotechnology, Santa Cruz, CA), Smac (Assay Designs), Hsp70, manganese superoxide dismutase (MnSOD), copper zinc superoxide dismutase (CuZnSOD), X-linked inhibitor of apoptosis protein (XIAP) (Stressgen Bioreagents), actin (Sigma-Aldrich), and histone H2B (Upstate Cell Signaling Solutions) for 1 h at room temperature or overnight at 4°C. Membranes were then washed in TBST and incubated with the appropriate horseradish peroxidaseconjugated secondary antibody (Santa Cruz Biotechnology) for 1 h at room temperature. Membranes were washed with TBST, and bands were visualized using enhanced chemiluminescence Western blotting detection reagents (GE Healthcare) and the Chemi Genius 2 BioImaging System (Syngene). The approximate molecular weight for each protein was determined using Precision Plus Protein Western C Standards and Precision Protein Strep-Tactin HRP Conjugate (BioRad Laboratories). To ensure equal loading and quality of transfer, membranes were stained with Ponceau S (Sigma-Aldrich). To confirm the purity of our subcellular fractions, additional immunoblots were performed using primary antibodies against CuZnSOD (a cytosolic marker), histone H2B (a nuclear marker), and ANT (a mitochondrial marker). Relative protein levels are expressed as optical density in arbitrary units (AU).
As a marker of muscle-specific degradative processes, myosin accumulation and fragmentation were detected by immunoblot analysis similar to that previously performed (31, 32) . Briefly, 40 g of total protein was loaded into each well on 7.5% SDS-PAGE gels. Protein was transferred to polyvinylidene difluoride membranes (BioRad Laboratories) and blocked overnight at 4°C in 5% milk-TBST. Membranes were then incubated with a primary antibody against myosin (MF20; Developmental Studies Hybridoma Bank) for 1 h at room temperature. Membranes were washed, incubated with appropriate secondary antibodies, and detected as noted above. The fulllength as well as myosin fragments were quantified and expressed as optical density in AU.
Assessment of citrate synthase activity. The V max of the mitochondrial marker enzyme, citrate synthase, was determined in soleus muscle homogenate as previously described (15) .
Caspase activity assay. The enzymatic activity of caspase-3, caspase-8, and caspase-9 was determined in soleus homogenates (in duplicate) using the substrates, Ac-DEVD-AMC, Ac-IETD-AMC, and Ac-LEHD-AMC (all Enzo Life Sciences), respectively (18, 47) . Control experiments in our lab have demonstrated a strong fluorescent signal when the substrate is incubated with the corresponding human recombinant active enzyme (data not shown). Furthermore, our experiments have also shown almost complete inhibition of this signal in the presence of specific inhibitors (Ac-DEVD-CHO, Ac-IETD-CHO, Ac-LEHD-CHO) (data not shown). Fluorescence was measured using a SPECTRAmax Gemini XS microplate spectrofluorometer (Molecular Devices) with excitation and emission wavelengths of 360 nm and 440 nm, respectively. Caspase activity was normalized to total protein content and expressed as fluorescence intensity in AU per mg protein.
Measurement of reactive oxygen species generation. Whole soleus muscle reactive oxygen species (ROS) generation was determined using dichlorofluorescein-diacetate (DCFH-DA) as previously described (18, 47) . DCFH-DA is hydrolyzed by cellular esterases to form nonfluorescent DCFH, which can then be oxidized by a variety of ROS to form highly fluorescent DCF. Briefly, muscle was gently homogenized in ice-cold buffer (in mM: 250 sucrose, 20 HEPES, 10 KCl, 1 EDTA, 1 EGTA, 1 DTT; pH 7.4) with protease inhibitors (Complete Cocktail; Roche Diagnostics) using a glass homogenizer. Duplicates of muscle homogenate were incubated with the ROS scavenger Tiron (1 mM) or left untreated. Samples were then incubated in the dark with 5 M DCFH-DA (Invitrogen) at 37°C. DCF fluorescence was then measured using a SPECTRAmax Gemini XS microplate spectrofluorometer (Molecular Devices) with excitation and emission wavelengths of 490 nm and 525 nm, respectively. Incubation of samples with Tiron significantly (P Ͻ 0.001) reduced ROS generation across all groups by 66 -69% (data not shown).
Fluorescence intensity was normalized to total protein content and expressed as AU per milligram of protein.
Detection of DNA fragmentation. For the determination of DNA fragmentation, cytoplasmic histone-associated mono-and oligonucleosomes were analyzed using the Cell Death Detection ELISA PLUS Kit (Roche Diagnostics) as previously described (18, 47) . Briefly, soleus muscle was homogenized in the supplied lysis buffer and centrifuged at 200 g for 10 min at room temperature. The supernatant (20 l) was incubated for 2 h at room temperature with 80 l of antihistone-biotin/ anti-DNA-POD reagent in a streptavidin-coated microplate under gentle shaking. The solution was removed, the wells washed several times, and 100 l of 2,2=-azino-di-[3-ethylbenzthiazoline sulfonate] (ABTS) substrate solution was added to each well. The absorbance was measured at 405 nm and 490 nm using a SPECTRAmax Plus spectrophotometer (Molecular Devices). A sample containing a DNA-histone-complex was included as a positive control for DNA fragmentation (data not shown). Absorbance was normalized to total protein content and expressed as AU per milligram of protein.
Statistical analysis. Immunoblot, enzymatic activity, ROS generation, and DNA fragmentation data were analyzed using a 2 (condition: WKY vs. SHR) ϫ 2 (training: SED vs. EX) factorial ANOVA. Tukey's honestly significant difference post hoc test was also used where appropriate. Given the large differences between baseline ARC protein levels between WKY and SHR, an independent sample t-test was used to test any differences due to exercise training. Mitochondrial training markers were analyzed by independent sample t-tests. All data is presented as means Ϯ SE. In all cases, P Ͻ 0.05 was considered statistically significant.
RESULTS
Training status.
To evaluate the training response to the exercise protocol, we determined the expression of several mitochondrial proteins in soleus homogenate. Animals undergoing exercise training had significantly higher protein levels of ANT (SED: 1.00 Ϯ 0.08 vs. EX: 1.37 Ϯ 0.09; P Ͻ 0.005), AIF (SED: 1.00 Ϯ 0.10 vs. EX: 1.39 Ϯ 0.12; P Ͻ 0.05), and cytochrome c (SED: 1.00 Ϯ 0.08 vs. EX: 1.37 Ϯ 0.13; P Ͻ 0.05). Consistent with these results, we found a trend toward higher (ϩ24%; P Ͻ 0.07) enzymatic activity of citrate synthase in soleus of trained animals (SED: 0.89 Ϯ 0.08 vs. EX: 1.10 Ϯ 0.08 mmol·h Ϫ1 ·g wet muscle Ϫ1 ). DNA fragmentation and proteolytic enzyme activity. To evaluate the effect of hypertension and exercise training on skeletal muscle apoptotic signaling we measured the level of DNA fragmentation (a hallmark of apoptosis). DNA fragmentation in the SHRSED group was 57% higher (P Ͻ 0.001) compared with the WKYSED group; however, this was significantly (P Ͻ 0.001) lower in SHREX animals. No significant change in DNA fragmentation was observed in WKYEX animals (Fig. 1A) . Proteolytic enzyme activity was measured in muscle using several fluorogenic substrates. There was no significant effect of condition (WKY vs. SHR) or training (SED vs. EX) on the activity of the death receptor-related enzyme, caspase-8. There was a trend (P Ͻ 0.06) toward lower activity of the mitochondrial-associated enzyme, caspase-9, with training. The activity of the executioner enzyme, caspase-3, was significantly (P Ͻ 0.05) higher in SHR compared with WKY animals; however, training did not alter caspase-3 activity (Fig. 1B) .
Apoptosis-associated protein expression and localization. To examine potential mechanisms responsible for the decreased DNA fragmentation with training we examined several mitochondrial-housed proteins that participate in caspase-dependent and caspase-independent apoptotic signaling once released into the cytosol following mitochondrial membrane permeabilization. We found significantly higher levels of cytosolic cytochrome c (P Ͻ 0.05) and Smac (P Ͻ 0.01) in muscle of SHR compared with WKY animals. In addition, a significant decrease (P Ͻ 0.001) in cytosolic cytochrome c was found with training ( Fig. 2A) . Cytosolic AIF content in the SHRSED group was 30% higher compared with the WKYSED group; however, cytosolic AIF levels were significantly (P Ͻ 0.005) lower in SHREX animals. No significant change in cytosolic AIF was observed in WKYEX animals ( Fig. 2A) . There was also significantly higher levels of cytosolic EndoG (P Ͻ 0.01) in SHR compared with WKY animals; however, training had no effect ( Fig. 2A) . We also investigated the expression of several proteins that play a proapoptotic role at the nucleus. Nuclear AIF levels were 48% higher (P Ͻ 0.005) in the SHRSED compared with the WKYSED group; however, nuclear AIF levels were significantly (P Ͻ 0.001) lower in SHREX animals (Fig. 2B) . No significant change in nuclear AIF was observed in WKYEX animals. There were also trends toward lower nuclear EndoG (P Ͻ 0.06) and nuclear Bax (P ϭ 0.07) with training (Fig. 2B) .
We also investigated a number of proteins that directly influence apoptotic signaling events. Consistent with our previous reports (54, 55) , the antiapoptotic protein ARC migrated at a molecular weight of ϳ30 kDa in WKY and ϳ32 kDa in SHR muscle (Fig. 3A) . ARC protein content was dramatically reduced (P Ͻ 0.001) in muscle of SHR compared with WKY animals. Although ARC protein content was elevated in the SHREX compared with the SHRSED group, this did not reach statistical significance using the initial statistical model. Given that the ARC protein levels were approximately fivefold lower in SHR animals compared with WKY animals, any noteworthy changes in expression in SHREX animals would have a relatively negligible contribution to the statistical model once combined with a 2 ϫ 2 factorial ANOVA. Thus, we performed an independent sample t-test and found that ARC protein content was significantly elevated (ϩ37%; P Ͻ 0.05) in SHREX compared with SHRSED animals (Fig. 3A) . The content of the antiapoptotic protein, XIAP, was also significantly reduced (P Ͻ 0.001) in muscle of SHR compared with WKY animals; however, training did not alter XIAP content (Fig. 3A) . In contrast, Hsp70 protein content was significantly (P Ͻ 0.05) higher in SHR compared with WKY animals and also significantly (P Ͻ 0.05) elevated in response to exercise training (Fig. 3A) . The content of the antiapoptotic protein Bcl-2 (P Ͻ 0.001) was lower, whereas the Bax-to-Bcl-2 ratio (P Ͻ 0.05) was higher in SHR compared with WKY animals. In addition, Bcl-2 (P Ͻ 0.001) was higher, whereas the content of the proapoptotic protein Bax (P Ͻ 0.05) and the Bax-toBcl-2 ratio (P Ͻ 0.05) were lower in EX compared with SED animals (Fig. 3B) .
Antioxidant protein levels and ROS generation. To examine the influence of redox-related mechanisms we measured muscle ROS production and the content of several antioxidant proteins. Muscle protein content of CuZnSOD was not significantly different between groups. In contrast, MnSOD protein content was significantly (P Ͻ 0.05) higher in SHR compared with WKY animals and was also significantly (P Ͻ 0.001) elevated in response to exercise training (Fig. 4A) . In addition, basal ROS generation in whole muscle samples was significantly (P Ͻ 0.05) higher in SHR compared with WKY animals but was not altered by training (Fig. 4B) .
Myosin accumulation and fragmentation. As a marker of muscle-specific degradation processes, we measured myosin protein accumulation and the presence of myosin fragments in soleus muscle homogenates. Myosin accumulation and/or fragmentation were observed in soleus muscle of SHR animals. †Significantly different than WKY (main effect of condition: P Ͻ 0.05). ‡Significantly different than WKY (main effect of condition: P Ͻ 0.01). §Significantly different than SED (main effect of training: P Ͻ 0.001). *Significantly different than SHREX (interaction effect: P Ͻ 0.005). #Significantly different than all other groups (interaction effect: P Ͻ 0.05).
Quantitative analysis reveals that myosin accumulation/fragmentation in the SHRSED group was sevenfold higher (P Ͻ 0.001) compared with the WKYSED group; however, this was significantly (P Ͻ 0.05) reduced in SHREX animals. No differences were observed between WKYSED and WKYEX groups (Fig. 5 ).
DISCUSSION
Consistent with our previous work (55, 56) we found altered apoptotic protein expression, elevated DNA fragmentation, and increased ROS production in soleus of hypertensive rats. Furthermore, we extended our previous findings to show increased muscle-specific protein fragmentation and accumulation, as well as evidence for the activation of both caspase-dependent and caspase-independent cell death signaling in skeletal muscle during hypertension. Collectively, these results confirm that skeletal muscle of hypertensive rats display a proapoptotic phenotype in which mitochondrial-mediated signaling plays a critical role. We also demonstrate for the first time that aerobic training is able to decrease DNA fragmentation and reduce myosin accumulation/fragmentation in skeletal muscle of hypertensive animals. Our data indicates that the mechanisms for this protective effect are likely through a direct alteration in several apoptotic regulatory proteins and mitochondrial-mediated cell death signaling events. Exercise training had no effect on blood pressure (26) ; thus the observed responses are not a result of exercise-induced reductions in blood pressure.
Greater indices of skeletal muscle apoptosis are apparent in heart failure (41, 69), hypertension (55, 56) , disuse (59) , and aging (20) . However, evidence suggests that regular exercise training can decrease apoptosis in skeletal muscle in a variety of conditions (53) . For example, aerobic exercise training significantly reduced DNA fragmentation in rat skeletal muscle following spinal cord transections (22) . DNA fragmentation is also attenuated in white gastrocnemius muscle of aged animals after 12 wk of treadmill exercise (62) . In addition, a 4-wk treadmill training program can decrease DNA fragmentation in the extensor digitorum longus muscle of aged rats (44) . Con- Note that ARC protein migrated at a molecular weight of ϳ30 kDa in WKY and ϳ32 kDa in SHR muscle. This is consistent with several of our previous reports (54, 55) . B: representative immunoblots and quantitative analysis of Bax and Bcl-2 protein content (as well as calculated Bax-to-Bcl-2 ratio) in soleus of WKYSED, SHRSED, WKYEX, and SHREX groups. Also shown are portions of Ponceau S-stained membranes and an actin blot to verify quality of transfer and equal loading. Vertical lines denote noncontiguous lanes from the same membrane. Values are means Ϯ SE (n ϭ 6 -12). †Significantly different than WKY (main effect of condition: P Ͻ 0.05). ‡Significantly different than WKY (main effect of condition: P Ͻ 0.001). @Significantly different than SED (main effect of training: P Ͻ 0.05). §Significantly different than SED (main effect of training: P Ͻ 0.001). *Significantly different compared with SHRSED (independent t-test: P Ͻ 0.05).
sistent with these previous data, we observed a significant exercise training-dependent reduction in DNA fragmentation in soleus of hypertensive rats. Previous research in healthy rats found that regular exercise training nonsignificantly (33%; P ϭ 0.06) reduced skeletal muscle DNA fragmentation (60); however, not all reports support such reductions in healthy muscle (67) . The level of DNA fragmentation is relatively low in healthy skeletal muscle (47); thus, further reductions may not be possible or may be below detectable limits. Accordingly, we found that exercise training did not alter DNA fragmentation in muscle of normotensive animals. However, it is important to note that we observed exercise-dependent changes in a number of apoptosis regulatory factors (i.e., Hsp70, MnSOD, Bax-toBcl-2 ratio) in healthy skeletal muscle. Although these alterations may not have an immediate effect on DNA fragmentation in muscle experiencing low levels of apoptotic signaling, they may provide protection against apoptotic events following stress, injury, aging, and disease (53) .
One of the major effectors of apoptosis is a class of proteolytic enzymes known as caspases. Similar to our previous report (55) , caspase-8 activity was elevated to a similar magnitude in soleus of sedentary hypertensive compared with sedentary normotensive animals (55); however, this was not statistically significant. Caspase-8 is an upstream proteolytic enzyme activated by death receptor signaling, which can activate caspase-3 (39) . Previous data suggests that exercise may be able to suppress caspase-8 through the attenuation of circulating Fas and TNF-␣ ligands (2), skeletal muscle TNF-␣ protein content (8) , and skeletal muscle TNF-R1 protein levels (44) . However, we found that exercise training did not significantly alter caspase-8 activity despite a reduction in DNA fragmentation; suggesting little role for death receptor-mediated signaling in the observed antiapoptotic effect of exercise. Consistent with our findings, Marzetti et al. (44) found no change in cleaved caspase-8 following exercise in the soleus muscle of aged animals even though DNA fragmentation was reduced. Caspase-9 is also an important proteolytic enzyme involved in mitochondrial-mediated apoptotic signaling (50) . Caspase-9 is activated following MOMP and subsequent cytochrome c and Smac release; events that eventually activate caspase-3 (63, 74) . Compared with normotensive animals, soleus muscle of sedentary SHR had elevated cytosolic cytochrome c and Smac protein, which is consistent with the higher caspase-3 activity observed. However, caspase-9 was not significantly different between SHR and WKY rats, which was surprising given the above results. Regardless, the higher caspase-3 activity may be partially responsible for the increased DNA fragmentation in hypertensive rats. Following exercise training, cytosolic protein content of cytochrome c was reduced, which is consistent with the lower (P Ͻ 0.06) caspase-9 activity observed. In contrast, caspase-3 activity was not changed with exercise despite a reduction in DNA fragmentation. Similarly, a previous study found no change in caspase-3 activity along with a 33% (P ϭ 0.06) reduction in DNA fragmentation in healthy soleus muscle (60) . Although a decrease in cytosolic cytochrome c and caspase-9 would tend to reduce caspase-3 activity, the action of this enzyme is also influenced by XIAP, a potent inhibitor of caspase-3 (19) . The lack of reduction in caspase-3 activity with exercise may be a consequence of the dramatically reduced XIAP levels along with the high cytosolic Smac [a XIAP inhibitor; (21)] levels still observed in SHR muscle following exercise training. Caspase-3 also plays an important role in skeletal muscle remodeling (6) and is essential for skeletal muscle cell differentiation (24) . Therefore, the maintenance of caspase-3 activity following exercise training may be appropriate and required for cellular functions other than apoptotic signaling such as exercise-induced remodeling and satellite cell differentiation; however, these properties have yet to be examined. Overall, these results suggest that exercise improves mitochondrial integrity in SHR muscle, with little effect on caspase-dependent mechanisms.
Several studies in skeletal muscle have found changes in DNA fragmentation without alterations to caspase-3 activity. For example, Dam et al. (18) demonstrated an increase in DNA fragmentation with no increase in caspase activity following oxidative stress in skeletal muscle. Furthermore, increases in myofiber nuclear apoptosis occurred with no change to caspase-3 activity in muscle of rats following hindlimb suspension (23) . Taken together, these studies indicate an important role for caspase-independent mechanisms in regulating skeletal muscle apoptosis. Caspase-independent regulation of apoptosis occurs as a result of AIF and EndoG release from the mitochondria following MOMP. Once in the cytosol, AIF and EndoG translocate to the nucleus and induce DNA fragmentation (13) . In the present study, hypertensive animals had higher levels of both cytosolic and nuclear AIF and EndoG, suggesting that the elevated DNA fragmentation is partially mediated by caspase-independent mechanisms. Similarly, elevated cytosolic and nuclear AIF and EndoG along with increased DNA fragmentation have been reported in aging muscle (46) . A novel finding of the present work was that exercise training was effective in decreasing skeletal muscle cytosolic and nuclear AIF as well as nuclear EndoG protein content. Likewise, chronic muscle stimulation decreases AIF release from mitochondria under stressful conditions (4) . Collectively, these results strongly suggest that caspase-independent signaling mechanisms are crucial in exercise-mediated reductions in DNA fragmentation.
Several mechanisms for the protective effect of exercise on muscle apoptosis have been proposed, including a direct alteration in apoptosis-associated protein expression, decreased release of mitochondrial apoptogenic factors, and altered ROS generation and/or antioxidant status (53) . A critical set of proteins involved in apoptosis belong to the Bcl-2 family (i.e., Bcl-2 and Bax). Apoptotic stimuli can promote Bax translocation from the cytosol to the mitochondria where Bax encourages MOMP (70) . Bcl-2 can inhibit Bax at the mitochondria thus protecting from apoptogenic protein release (16, 72) . Regular exercise has been shown to increase skeletal muscle Bcl-2 protein (5, 52, 60, 62, 68) , decrease Bax protein (5, 52, 62, 68) , as well as alter the Bax-to-Bcl-2 ratio toward an antiapoptotic environment (5, 52, 62, 68) . This is consistent with our results that show significantly increased Bcl-2 and decreased Bax levels, as well as a lower Bax-to-Bcl-2 ratio following exercise. This response would at least partially contribute to the decreased DNA fragmentation with exercise, by decreasing mitochondria-mediated apoptotic protein release and signaling events. Similar to our previous results (56), nuclear Bax levels were elevated in SHR muscle. Nuclear Bax translocation/accumulation has been observed in apoptotic cells (34, 43, 57) and found to be localized proximal to DNA fragmentation sites (57) . Interestingly, nuclear Bax levels were dramatically reduced to levels of normotensive animals following exercise training. This suggests that decreasing nuclear Bax translocation may represent a novel exercise-mediated protective mechanism against skeletal muscle apoptosis.
ARC is another powerful antiapoptotic protein that can prevent MOMP, the release of apoptogenic proteins, and apoptosis (30, 35, 49) . Chronic stimulation (42) and treadmill exercise (60) have been shown to attenuate DNA fragmentation in skeletal muscle. Interestingly, these research groups have also shown that chronic stimulation (4) and treadmill exercise (61) can also increase skeletal muscle ARC protein content. We observed a 37% increase in ARC protein expression in skeletal muscle of trained SHR compared with sedentary SHR, which may have contributed to the reduced apoptogenic protein release and DNA fragmentation. We also found that ARC migrated at ϳ30 kDa in WKY, but 32 kDa in SHR muscle. Several reports have demonstrated that ARC may undergo posttranslational modifications (55) . It currently remains to be determined what accounts for this modification and whether the altered molecular weight of ARC protein observed in SHR muscle (independent of expression level) influences apoptotic signaling.
We also found that Hsp70 was dramatically increased in muscle following exercise training. Hsp70 is a molecular chaperone known to prevent apoptosis through a number of mechanisms. In particular, Hsp70 can prevent apoptosis by acting on downstream caspase-3 targets without altering enzy- matic activity (33) , as well as by preventing nuclear translocation of AIF (29) . Thus, the higher Hsp70 protein levels observed in exercise animals in this study may be partially responsible for the lower DNA fragmentation through both caspase-dependent and -independent mechanisms.
Another possible mechanism of exercise-induced protection against muscle apoptosis is through alterations in cellular ROS generation and/or antioxidant status (53) . ROS can induce apoptosis through both direct and indirect effects on mitochondrial membrane integrity allowing for the release of apoptotic proteins (17, 36, 51, 66) . Consistent with our previous report (55) , skeletal muscle of hypertensive animals had higher basal ROS generation. A limitation of our study is that our assay determines ROS generation in whole tissue, not at specific sites. Therefore, we are unable to speculate whether the level of ROS generated at the mitochondria differed between groups. However, the reduction in mitochondrial-associated apoptotic factors within the cytosol after training may be explained by increases in the mitochondrial localized antioxidant MnSOD. Overexpression of MnSOD can significantly reduce the release of apoptotic factors from the mitochondria as well as DNA fragmentation following apoptotic stress (48) . In skeletal muscle, MnSOD protein content is negatively correlated to terminal deoxyneucleotidyl transferase-mediated dUTP nick-end labeling index (58) . Furthermore, elevated MnSOD protein levels that occur in skeletal muscle following regular exercise are associated with reduced DNA fragmentation (60). Although the level of total muscle ROS generation was not changed with exercise, MnSOD may have provided protection from MOMP events caused by ROS through altering the redox balance at the mitochondria; however, this remains to be determined.
It is well established that apoptosis and apoptotic signaling play an important role in muscle atrophy, degradation, and contractile dysfunction. One of the limitations of our study was that we were not able to perform muscle morphological and functional measures. Therefore, we used myosin fragmentation and accumulation as an index of muscle-specific degradative processes, which was found to be altered in soleus of hypertensive rats. Consistent with the present findings, myosin fragments were found ranging from ϳ120 -180 kDa in atrophied rat skeletal muscle following spaceflight (32) and tail suspension (31, 32) . Myosin fragments have also been reported in cachectic muscle (1) and in mice which develop muscle myopathy due to MuRF1/MuRF3 deficiency (25) . Fielitz et al. (25) also reported myosin accumulation along with fragmentation; effects associated with contractile dysfunction. Similarly, myosin accumulation has been identified in patients with muscle weakness and wasting; a disease termed myosin storage myopathy (65) . We suggest that the observations in the present investigation may be a consequence of reduced removal of myosin/myosin fragments by protein degradative processes such as the ubiquitin-proteasome system; however, this remains to be determined. Interestingly, we found that myosin accumulation and fragmentation were dramatically lower following training, suggesting that exercise may reduce myosin fragmentation and/or improve removal of damaged/degraded muscle proteins. It remains to be determined whether this exercise-associated response is due to improved clearance of degraded/damaged proteins by the ubiquitin-proteasome system. Ultimately, this exercise-associated effect could potentially reduce atrophy and/or improve contractile function in SHR muscle.
In conclusion, this report demonstrates that exercise training is able to induce changes in a number of important apoptosis regulatory proteins in skeletal muscle. These changes are likely responsible for the decreased caspase-independent signaling and DNA fragmentation observed with exercise in hypertensive animals. Therefore, exercise training may represent an effective treatment strategy against hypertension-associated skeletal muscle apoptosis. In addition, exercise training was able to promote an antiapoptotic protein profile in healthy muscle, which could serve to protect skeletal muscle from apoptosis during times of increased cellular stress (i.e., aging, injury, disease). It remains to be determined whether exercise can reverse the skeletal muscle apoptotic response associated with other pathologies.
